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SHORT COMMUNICATION
Origin of Product Ions in the MS/MS Spectra
of Peptides in a Quadrupole Ion Trap
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Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina, USA
Stored waveform inverse Fourier transform and double resonance techniques have been used
in conjunction with a quadrupole ion trap to study the dissociation patterns of peptide ions.
These experiments provide insight into the origin of individual product ions in an MS/MS
spectrum. Results show for a series of leucine enkephalin analogues with five amino acid
residues that the b4 ion is the main product ion through which many other product ions arise.
It was also observed that the percentage of the a4 product ions that are formed directly from
the protonated molecule (M1H)1 depends on the nature of the fourth amino acid residue. In
addition, it was determined that in the peptides studied here lower series b ions (e.g., b3) arise
from direct dissociation of higher series b ions (e.g., b4) only about 50% of the time. (J Am Soc
Mass Spectrom 1998, 9, 341–344) © 1998 American Society for Mass Spectrometry
Mass spectrometry has been very useful forproviding structural information for a widevariety of compounds. The application of ion-
ization techniques such as electrospray (ESI) [1], fast
atom bombardment (FAB) [2], and matrix-assisted laser
desorption/ionization (MALDI) [3] in conjunction with
tandem mass spectrometry (MS/MS) [4, 5] has allowed
the structural elucidation of a wide range of peptides.
MS/MS spectra of peptides [6–9], however, are often
complex and difficult to interpret. Incomplete knowl-
edge of the dissociation chemistry of peptides is a
source of major difficulty in interpreting complex pep-
tide MS/MS spectra. Increased insight into the origin of
peptide product ions in MS/MS spectra should provide
a better understanding of the structure of these ions and
the mechanisms by which they are formed. Beam in-
struments, such as sector, quadrupole, and hybrid mass
spectrometers, have been used to obtain such informa-
tion [10–15]; however, these instruments suffer from a
number of drawbacks. Three- and four-sector [10, 11]
and hybrid [12, 13] mass spectrometers have been used
effectively to study the dissociation pathways, but
depending on the scan mode used, poor effective mass
resolution for parent, product, or intermediate ions is
obtained. Pentaquadrupole instruments have also been
useful for a variety of MSn experiments [14, 15], but lack
of commercial availability limits their use for dissocia-
tion reaction studies. The quadrupole ion trap has also
seen limited use for the elucidation of dissociation
pathways but only for nonpeptide analytes [16, 17].
This communication describes experiments in which
stored waveform inverse Fourier transform (SWIFT)
[18] and double resonance techniques are used in com-
bination with a quadrupole ion trap to determine the
origin of product ions in the MS/MS spectra of proto-
nated peptides.
SWIFT techniques have been used extensively in
quadrupole ion traps to selectively isolate, excite, or
eject ions of interest [16, 19–21]. In the experiments
described here, SWIFT and double resonance experi-
ments have been used during resonance excitation to
selectively eject peptide product ions as they were
formed during an MS/MS experiment. In the double
resonance experiments, electrospray-generated ions at a
mass-to-charge ratio (m/z) of interest were isolated in
the ion trap and subjected to resonance excitation,
which increased the amplitude of their motion and
caused them to undergo energetic collisions with the
background helium gas (8.6 m 3 1024 torr). Simulta-
neous to the application of the resonance excitation
signal, another signal from a Textronix AWG 2020
arbitrary waveform generator at a frequency corre-
sponding to the secular frequency of a selected product
ion was applied to the endcaps (6 Vp–p) to resonantly
eject the product ion as it was formed. In the SWIFT
experiments a waveform was created that consisted of a
range of frequencies that, when applied to the endcap
electrodes (6 Vp–p), resonantly ejected a range of prod-
uct ions as they were formed. In these experiments the
effect of removing a particular product ion(s) on the
intensities of the remaining product ions was observed.
In this way the origin of individual product ions could
be systematically studied.
Figure 1 shows the effect of resonantly ejecting the b4
ion of the peptide leucine enkephalin (YGGFL) while
resonantly exciting protonated YGGFL (m/z 556). Fig-
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ure 1a shows the normal (without resonant ejection of
the b4) MS/MS spectra of YGGFL taken with parent ion
stored at a qz value of 0.163. The spectrum is dominated
by product ions at m/z 425 (b4) and 397 (a4). If the
experiment in Figure 1a is repeated while simulta-
neously resonantly ejecting the b4 ion, the spectrum in
Figure 1b is observed. The peak corresponding to the b4
ion is gone, and the intensities of the peaks at m/z 397
(a4) and 278 (b3) are noticeably reduced. The intensity of
the product ions at m/z 279 (y2) and 336 (y3), however,
remain essentially unchanged. No change in the inten-
sities of the y-type ions is expected because these
C-terminal product ions necessarily retain the leucine
(L) residue that has been lost in the formation of the b4
product ion and consequently y-type ions cannot be
formed from the dissociation of the b4 ion. The reduc-
tion in the intensities of the a4 and b3 product ions is not
surprising considering the well documented dissocia-
tion of b-type ions to a-type and lower series b-type
ions [22, 23]. The dramatic reduction in the intensity of
the a4 ion (to 13% of its intensity in the normal MS/MS
spectrum) suggests that the primary source of the a4
ions in the MS/MS spectrum of YGGFL is from the
consecutive dissociation of the parent ion (M1H)1 to
the b4 product ion and then to the four residue immo-
nium ion. The data indicate that about 87% of the a4
product ion intensity is from the b4 product ion. The
remaining 13% must be formed directly from either the
protonated molecule (M1H)1, the a5 product ion, or the
b5 product ion (M1H–H2O)
1. To determine the per-
centage of the a4 product ion formed from the proto-
nated molecule, a SWIFT experiment was performed in
which a waveform consisting of a range of frequencies
was applied simultaneously with the excitation signal
to dissociate the protonated molecule. The range of
frequencies applied in the SWIFT waveform corre-
sponded to the secular frequencies of the ions from m/z
415 to 545 (i.e., selected to eject the b4, a5, and b5 ions).
From this SWIFT experiment it was determined that
11% of the intensity of the a4 ion was from dissociation
directly from the protonated molecule (i.e., the a4 prod-
uct ion intensity after the SWIFT experiment was 11% of
the a4 ion intensity in the normal MS/MS spectrum).
The remaining 2% was determined from other double
resonance experiments to originate from the b5 product
ion (M1H–H2O)
1. These results are qualitatively simi-
lar to previous results that show an ions are formed
predominantly from bn ions, but can also form from
bn11 ions and from the protonated peptide [M1H]
1
[24].
The possibility remains that, in the experiments
depicted in Figure 1, a portion of the b4 product ions
that are formed from the protonated molecule can
dissociate further before they are resonantly ejected. For
this to be possible, a b4 ion would have to dissociate in
50 ms or less (50 ms is the approximate time for 4 cycles
of the signal applied to resonantly eject the b4 ion) [25].
At the pressures used in these experiments (8.6 3 1024
torr of helium) the b4 ion is expected to undergo on
average about 0.75 collisions during a 50 ms period. As
a result it is unlikely that the b4 ion would dissociate to
the a4 as a result of collisional activation during the time
when it is being resonantly ejected. It is also possible
that the b4 product ion could be formed from the
protonated species with sufficient excess internal en-
ergy to dissociate further to the a4 product ion before it
could be resonantly ejected. From a simple RRKM
calculation, assuming a tight transition state and a
critical energy of 1.1 eV [27], at least 4 eV of internal
energy in the b4 ion would be required to observe the
dissociation of the b4 to the a4 ion in less than 50 ms.
This amount of excess internal energy seems unlikely;
Figure 1. The resonant excitation CID MS/MS spectrum of YGGFL (a) and the same experiment
except that the b4 ion is being simultaneously resonantly ejected (b).
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therefore, it is reasonable to conclude that the double
resonance experiments in this case are effectively re-
moving the b4 ion before it can dissociate further. For
comparison, the formation of the a4 ion from the b4 ion
in an MSn experiment usually occurs on the timescale of
5 to 10 ms [28]. To observe the dissociation on this
timescale, about 3 eV (based on RRKM calculations) of
internal energy is needed. This internal energy is from
the collisional activation (approximately 75–100 colli-
sions) in addition to any excess internal energy in the b4
ion.
The above experiments were performed with a series
of leucine enkephalin analogues and the results are
presented in Table 1. In each case the b4 ion is the
dominant product ion in the MS/MS spectrum. Double
resonance experiments to determine its origin indicate
that 98%–100% of its intensity comes from direct disso-
ciation from the protonated molecule (M1H)1 (not
shown in Table 1). The remaining intensity in all cases
is due to dissociation from the b5 ion (M1H–H2O)
1.
Table 1 shows the percentage of the a4 product ion
intensity that comes from the b4 product ion and the
percentage of the b3 product ion intensity that comes
from the b4 product ion. In all cases the majority of the
remaining percentage of the a4 product ion intensity is
from the protonated parent ion (M1H)1 (based on
SWIFT experiments; data not shown). The above values
were all obtained under resonance excitation conditions
(400–500 m Vp–p depending on the peptide) in which
the normal MS/MS spectrum shows an a4/b4 ion inten-
sity ratio of about 0.75. It has been observed before that
the a4/b4 ion intensity ratio is a good indicator of the
parent ion (M1H)1 internal energy for leucine en-
kephalin (YGGFL) [29, 30]. A ratio of 0.75 is indicative
of moderately energetic conditions [30].
The results in Table 1 show that the nature of the
fourth residue in the five residue leucine enkephalin
analogues has a noticeable effect on the origin of the a4
ion in the MS/MS spectra of these peptides. As the
fourth residue is changed from phenylalanine (YGGFL)
to tyrosine (FGGYL) to leucine (YGGLF) to alanine
(LGGAL), the percentage of the a4 product ions in the
MS/MS spectrum that come from the b4 product ion
increases from 87% to 88% to 95% to 99%, respectively.
This result suggests that the nature (aliphatic versus
aromatic) of the amino acid residue that is on the
terminus of the a4 product ion affects the propensity to
which the protonated molecule can dissociate directly
to the a4 product ion. Given the assumed immonium
ion structure of the a4 ion, it is not surprising that the
presence of alanine or leucine as the fourth residue
results in a lower percentage of a4 product ions disso-
ciated directly from the protonated molecule. Product
ions with the alanine or leucine residue containing the
immonium nitrogen are not as stable as those with
phenylalanine or tyrosine. In fact, previous studies have
shown that immonium ions of leucine and alanine are
less likely to form than their phenylalanine and tyrosine
counterparts [31]. The energetics for the formation of
the a4 product ions directly from the protonated mole-
cule evidently change as a result of the presence of the
alanine or leucine residue in the fourth position relative
to the presence of the phenylalanine or tyrosine residue
in the fourth position. This result is not unexpected
considering that the side chains can provide different
stabilizing effects when the charge is present on the
immonium nitrogen. The differing extents to which the
a4 ion dissociates from the b4 ion (percentages in Table
1) could also possibly be attributed to the change in the
first residue in some of the cases in Table 1 (e.g., YGGFL
versus LGGAL). The first residue could interact in some
fashion with the charged C-terminus in the dissociating
b4 ion, suggesting the possibility that the nature of the
first residue could also have an impact on the amount of
dissociation to the a4 ion. This possibility seems un-
likely, though, since a comparison of YGGFL, FGGFL,
and LGGFL shows very similar percentages in the a4
column of Table 1.
When more energetic resonance excitation condi-
tions are chosen (a4/b4 ratio 5 2.5; resonance excitation
voltage 5 725 mVp–p), the percentage of the a4 product
ions from the b4 product ion changes only slightly when
phenylalanine (YGGFL, 82.3 6 2.9%) and tyrosine (FG-
GYL, 82.6 6 1.4%) are the fourth residues. When leucine
or alanine is the fourth residue, it is not possible to
generate resonance excitation conditions where the
a4/b4 ratio is above 2 for YGGLF or above 1 for LGGAL,
therefore no comparison could be made. These results
are consistent with the supposition that ions with
leucine or alanine containing the immonium nitrogen
are not as stable as those with phenylalanine or ty-
rosine.
A systematic study of the source of the b3 ions in the
MS/MS spectra of the above pentapeptides has not
been undertaken to this point, but the percentage values
shown in Table 1 provide some insight into their origin.
Table 1 shows that in most cases only about one-half of
the intensities of the b3 ions in the MS/MS spectra of the
peptides come directly from dissociation of the b4
product ion. It has been proposed by Harrison et al. [22,
23] that the formation of lower series b ions can occur
from the dissociation of higher series b ions. In the cases
here, the formation of lower series b ions from higher
series seems to be the mechanism about 50% of the time;
however, there are clearly some other mechanisms
involved as well. Note that there seems to be no obvious
Table 1. Percentages of a4 and b3 ions in the MS/MS spectra
of selected peptides that have dissociated directly from the b4
product ion
Peptide a4 b3
YGGFL 86.6 6 1.2 52.3 6 4.5
FGGYL 88.3 6 0.4 47.0 6 7.0
YGGLF 95.3 6 1.7 48.0 6 2.2
LGGAL 98.5 6 0.6 48.3 6 6.3
LGGFL 88.1 6 1.4 31.7 6 6.2
FGGFL 89.0 6 0.9 33.8 6 6.8
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relationship between the nature of the fourth residue
and the percentage of b3 product ion formed. It is not
clear here whether the nature of the fourth residue
should have a bearing on the formation of the b3
product ions. The SWIFT and double resonance tech-
niques described above may provide insight into the
other mechanisms involved in the formation of lower
series b ions as well as the formation of many product
ions in other peptides.
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